Abstract. Regucalcin gene (rgn) is localized on the X chromosome and it plays a pivotal role as a regulatory protein in the intracellular signaling process implicated in the transcription activity of manifold cells. The expression of rgn was demonstrated to be suppressed in tumor tissues of human subjects, indicating a potential role as a suppressor of tumorigenesis. Regucalcin, which is produced from tissues including liver, is released in the serum of human subjects and animals. The role of serum regucalcin has been poorly understood. To determine the effects of exogenous regucalcin on modeled human liver cancer HepG2 cells, the cells were cultured in the presence of exogenous regucalcin in vitro. The proliferation of HepG2 cells was suppressed after being cultured with the addition of regucalcin (0.01-10 nM) into the culture medium. The addition of regucalcin did not exhibit effects on apoptotic cell death in HepG2 cells in vitro. Suppresive effects of exogenous regucalcin on cell proliferation were not enhanced in culture with various signaling inhibitors including tumor necrosis factor-α, Bay K 8644, PD98059, staurosporine, worthomannin, 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole or gemcitabine, which were found to suppress cell proliferation. In addition, exogenous regucalcin suppressed the formation of colonies of cultured HepG2 cells in vitro. The present study demonstrated that exogenous regucalcin exhibited an inhibitory effect on the growth of human liver cancer cells, thus proposing a gene therapy strategy for cancer treatment.
Introduction
Regucalcin was originally found as a novel calcium-binding protein in 1978 (1) (2) (3) (4) . This protein plays a manifold role as a suppressor of various signaling processes in the regulation of cellular function in various types of cells and tissues (5) (6) (7) . The regucalcin gene (rgn) is localized on the X chromosome and is identified in over 15 species consisting of regucalcin family in vertebrate and invertebrate species (7) (8) (9) (10) . The expression of rgn was regulated by the activity of various physiological factors including peptide and steroid hormones as well as cytokines (11, 12) and the process of this gene expression was related to various transcription factors including AP-1, NF1-A1, RGPR-p117, β-catenin and other factors (12) . This process was implicated in the phosphorylation and dephosphorylation of various intracellular signaling factors in the cytoplasm and nucleus in vitro (12) . Regucalcin was largely present in the cytoplasm, and was translocated into the nucleus through mechanisms which depend on the activation of calcium signaling related to protein kinase C in cells. In addition, nuclear regucalcin regulated transcription activity (13) . Regucalcin exerted multifunctional effects in maintaining cellular calcium homeostasis, inhibition of manifold protein kinases, protein phosphatases and protein synthesis in the cytoplasm and nucleus, and nuclear function in various types of cells (5) (6) (7) 13) . Notably, regucalcin has been demonstrated to inhibit cell proliferation and apoptotic cell death, which were mediated through the stimulation of signaling factors (14, 15) . Accumulating evidence indicated that regucalcin played a pivotal role in maintaining cell homeostasis as a modulator protein in the cell signaling process implicated in transcription activity (14, 15) .
Furthermore, regucalcin has been demonstrated to play a pathophysiological role in metabolic disorders (16) (17) (18) (19) . Notably, regucalcin played a crucial role as a suppressor in cell proliferation and carcinogenesis (14, 19) . Endogenous regucalcin was demonstrated to suppress cell proliferation of cloned-rat normal kidney NRK52E cells (20) and rat hepatoma H4-II-E cells in vitro (21) due to inducing G1 and G2/M phase cell cycle arrest (20, 21) . Mechanically, the suppressive effects of overexpressed endogenous regucalcin on cell proliferation were shown to be mediated through the suppression of the activities of various protein kinases, protein phosphatases and PI3 kinase implicated in various signaling pathways (14, 19) . Furthermore, endogenous regucalcin has been observed to enhance the expression of p53 and Rb mRNAs (22) , tumorsuppressor genes, and suppress the expression of c-Myc, Ha-ras, c-jun and Chk2 mRNAs (23) , enhancer genes of tumorigenesis in hepatoma cells (13, 19, 24) . In addition, regucalcin was revealed to inhibit cytoplasmic protein synthesis in the cytoplasm and DNA and RNA synthesis in the nucleus of liver and hepatoma cells (13, 19, 24) . Thus, endogenous regucalcin was demonstrated to inhibit cell proliferation implicated in multifunctional pathways in cancer cells (17, 19) .
Notably, the expression of rgn and its protein levels were downregulated in tumor tissues of human subjects and cancer cells (19, 25) . Survival rates were demonstrated to be prolonged in patients with pancreatic, breast, liver and lung cancers with increased rgn expression (26) (27) (28) (29) . Overexpressed endogenous regucalcin was revealed to suppress the proliferation of human pancreatic cancer MiaPaCa-2 (26), MDA-MB-231 human breast cancer (27) , liver cancer HepG2 (28) and human lung adenocarcinoma A549 cells (28) in vitro. Regucalcin has been proposed to reveal a potential activity as a suppressor of human carcinogenesis.
Regucalcin, which is produced from the tissues including liver, is present in the serum of human subjects and animals (18, 30) . Extracellular regucalcin may play a part in the regulation of cell function. However, this has been poorly understood. The aim of the present study was to investigate whether exogenous regucalcin revealed a suppressive effect on the growth of human liver cancer cells. We observed that exogenous regucalcin suppressed the growth of human liver cancer HepG2 cells in vitro.
Materials and methods

Materials.
The α-minimum essential medium (α-MEM; with glutamine) with antibiotics (penicillin and streptomycin) were purchased from Gibco Life Technologies Corporation (Grand Island, NY, USA). Fetal bovine serum (FBS) was obtained from Omega Scientific Inc. (Tarzana, CA, USA). Tumor necrosis factor-α (TNF-α) was obtained from R&D Systems (Minneapolis, MN, USA). PD98059, staurosporine, Bay K 8644, worthomannin or 5, 6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), crystal violet and all other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. Gemcitabine was obtained from Hospira, Inc. (Lake Forest, IL, USA) and it was diluted in phosphate-buffered saline (PBS; Sigma-Aldrich).
Regucalcin. Regucalcin was isolated from rat liver cytosol as previously described (1) . Rat livers were perfused with Tris-HCl buffer (pH 7.4), containing 100 mM Tris, 120 mM NaCl, 4 mM KCl, cooled at 4˚C to remove blood. Subsequently, the livers were immediately removed, cut into small pieces, suspended 1:4 (weight/volume) in Tris-HCl buffer (pH 7.4) and homogenized in a Potter-Elvehjem homogenizer (Takashima Corporation, Tokyo, Japan) with a Teflon pestle (Thomas Scientific, Swedesboro, NJ, USA) with cooling at 4˚C (1). The homogenate was spun at 5,500 x g in a refrigerated centrifuge for 10 min, and the supernatant was spun at 105,00 x g for 60 min at 4˚C. The resulting supernatant was isolated to electorophoretic homogeneity by gel filtration on Sephadex G-75 and G-50 (Santa Cruz Biotechnology, Dallas, TX, USA), followed by ion-exchange chromatography on diethylaminoethyl (DEAE)-cellulose as previously described (1) . The purity of the isolated regucalcin was confirmed using SDS-gel electrophoresis and western blot analysis (1). Isolated regucalcin was used in the following experiments.
Human liver cancer cells. We used human hepatoblastoma liver cancer HepG2 cells which were obtained from the American Type Culture Collection (Rockville, MD, USA). The HepG2 cell line was derived from a 15-year-old child with primary hepatoblastoma (31) , and its derivative C3A was not from hepatocellular carcinoma (31, 32) .
Cell proliferation. HepG2 cells (1x10 5 /ml per well) were cultured using a 24-well plate in α-MEM (containing 10% FBS, 1% penicillin plus streptomycin, and 1% fungizone) in the presence or absence of regucalcin (0.01, 0.1, 0.5, 1 or 10 nM) for 1, 2, 3 and 6 days (20, 21) . In separate experiments, cells (1x10 5 /ml per well) were cultured for 3 days in DMEM containing 10% FBS and 1% P/S in the presence of TNF-α (1 ng/ml), Bay K 8644 (1 µM), PD98059 (1 µM), staurosporin (0.1 µM), worthomannin (1 µM), DRB (1 µM) or gemcitabine (10 nM), which were at an effective concentration. After the culture, the cells on dishes were detached to determine the cell number.
Cell death. HepG2 cells (1x10 5 /ml per well) were cultured using a 24-well plate in α-MEM (containing 10% FBS, 1% penicillin plus streptomycin, and 1% fungizone) in the absence of regucalcin for 3 days to reach subconfluence, and then the cells were cultured in the presence or absence of regucalcin (0.01, 0.1, 0.5, 1 or 10 nM) with or without gemcitabine (10 nM) for 24 or 48 h (15) . After the culture, the cells on dishes were detached to determine the cell number.
Cell counting. Following trypsinization of each of culture dishes using 0.05% trypsin plus EDTA in Ca 2+ /Mg 2+ -free PBS for 2 min at 37˚C, cells attached on dishes were collected by pipetting (20, 21) . The cells were suspended on PBS solution and stained with eosin. Cell numbers were counted under a microscope (Nikon TMS; Nikon, Tokyo, Japan) using a hemocytometer plate (Sigma-Aldrich). We took the average of two countings for each dish. Cell number is shown as the number per well of each plate.
Colony formation assay. HepG2 cells were seeded into 6-well dishes at a density of 1x10 3 /well and cultured in medium containing 10% FBS under 5% CO 2 at 37˚C for 14 days, when visible clones were formed on the plates (33) . Obtained colonies were washed with PBS (2 ml, 3 times) and fixed with methanol (0.5 ml/well) for 20 min at room temperature, and then washed 3 times with PBS. Subsequently, the colonies were stained with 0.1% crystal violet (1 ml) for 30 min at room temperature. Stained cells were washed 4 times with PBS (2 ml). The plate was air-dried for 2 h at room temperature. The colony containing more than 50 cells was counted under a microscope (Nikon TMS; Nikon).
Statistical analysis. Statistical significance was evaluated using GraphPad InStat version 3 for Windows XP (GraphPad Software Inc., La Jolla, CA, USA). Multiple comparisons were performed using one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons post test for indicated parametric data. P<0.05 was considered to indicate a statistically significant difference.
Results
In the present study we examined whether suppressive effects of exogenous regucalcin on cell proliferation were revealed in human hepatoblastoma liver cancer HepG2 cells in vitro. HepG2 cells were cultured with the addition of either vehicle (PBS) or exogenous regucalcin (0.01-10 nM) for 1-6 days (Fig. 1 ). An increasing of culture periods raised cell number in the control group. Culture with the addition of exogenous regucalcin suppressed the elevation of cell numbers (Fig. 1) , revealing that the proliferation of HepG2 cells was suppressed with the physiological levels of regucalcin which is present in the serum (18, 30) .
The effect of exogenous regucalcin on the death of HepG2 cells in vitro is displayed in Fig. 2 . Cells were cultured for 3 days upon reaching subconfluency, and then the cells were cultured for 24 or 48 h, after the addition of either vehicle (PBS) or regucalcin (0.01-10 nM) with or without gemcitabine (10 nM). The number of HepG2 cells was not changed in the presence of exogenous regucalcin, although the addition of gemcitabine caused the death of cells (Fig. 2) . Thus, exogenous regucalcin exhibited a suppressive effect on cell proliferation independently of the death of HepG2 cells.
The suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells were compared with the effects of other factors that inhibit cell growth (Fig. 3) . The effects of exogenous regucalcin (10 nM) suppressing the proliferation of HepG2 cells were not potentiated by the addition of TNF-α (1 ng/ml), an inducer of nuclear factor-κB (NF-κB) signaling (34), or Bay K 8644 (1 µM), an agonist of Ca 2+ entry into cells (35) , that caused a decrease in the number of cells (Fig. 3) .
Subsequently, we determined whether the suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells were implicated in intracellular signaling pathways. The effects of exogenous regucalcin in suppressing cell proliferation were not enhanced by the addition of PD98059 (1 µM), an extracellular signal-regulated kinase (ERK) inhibitor (36), staurosporin (0.1 µM), an inhibitor of protein kinase C (37) and worthomannin (1 µM), an inhibitor of phosphatidylinositol 3-kinase (PI3K) (38) (Fig. 4) .
Subsequently, to determine whether the suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells were implicated in nuclear function, we used DRB (1 µM), an inhibitor of transcription activity with RNA polymerase II inhibition (39), or gemcitabine (10 nM), an antitumor drug that induces the damage of nuclear DNA (40) . The suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells were not altered by the addition of DRB or gemcitabine, which induced suppression of the proliferation of HepG2 cells (Fig. 5) .
Furthermore, exogenous regucalcin was shown to decrease colony formation of HepG2 cells in vitro (Fig. 6) . Culture with exogenous regucalcin (1 and 10 nM) led to a reduction of the number of colonies of HepG2 cells (Fig. 6) . Thus, exogenous regucalcin was demonstrated to exhibit suppressive effects on colony formation due to inhibiting the proliferation of HepG2 cells in vitro.
Discussion
Regucalcin is produced from tissues including liver, and it has been shown to be present in the serum of human subjects and animals (18, 30) . Whether or not extracellular regucalcin is important in the regulation of cell function has been poorly understood. Exogenous regucalcin was demonstrated to bind the plasma membranes and activate plasma membrane (Ca 2+ -Mg 2+ )-adenosine triphosphatase in rat liver cells in vitro (41) . Exogenous regucalcin may regulate the function of hepatoma cells. In the present study, we found that culture with exogenous regucalcin suppressed the growth in human hepatoblastoma liver cancer HepG2 cells, suggesting its role in the regulation of cell proliferation in vitro.
The effects of exogenous regucalcin in suppressing the proliferation of HepG2 cells were not enhanced by the addition of TNF-α, an enhancer of NF-κB signaling (34), Bay K 8644, an agonist of Ca 2+ entry in the cells (35) , staurosporin, an inhibitor of calcium-dependent protein kinase C (36), PD98059, an ERK inhibitor (37) and wortmannin, an inhibitor of PI3 kinase (38) . The suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells were not potentiated by the treatment of various inhibitors that regulate intracellular signaling pathways related to proliferation in vitro. Furthermore, the effects of exogenous regucalcin in suppressing cell proliferation were not potentiated in the presence of DRB, an inhibitor of transcription activity with RNA polymerase II inhibition (39) . The effects of exogenous regucalcin in inhibiting the proliferation of HepG2 cells were implicated with various intracellular signaling processes. Exogenous regucalcin binds to the plasma membranes of HepG2 cells, and bound regucalcin may induce the generation of signaling factors that lead to the suppression of transcription activity-related signaling processes in the nucleus of HepG2 cells. In addition, it is hypothesized that exogenous regucalcin bound to liver plasma membranes may be internalized into hepatoma cells, and that internalized regucalcin demonstrates suppressive effects on the signaling pathways implicated to cell proliferation (7, 13, 14) . The exact mechanisms of action remain to be elucidated in further studies.
The effects of exogenous regucalcin in suppressing the proliferation of HepG2 cells were compared with that of gemcitabine, which is an antitumor drug, which causes nuclear DNA damage and apoptosis (40) . Suppressive effects of exogenous regucalcin on the proliferation of HepG2 cells revealed similar effects with gemcitabine. Exogenous regucalcin did not cause the death of HepG2 cells in vitro, supporting the hypothesis that regucalcin does not possess an effect in inducing apoptotic cell death. Revealing the effects of exogenous regucalcin in inducing the proliferation of HepG2 cells was not based on apoptotic cell death. The mechanism by which exogenous regucalcin suppressed the proliferation of HepG2 cells may be based on different mode of action compared to that of gemcitabine. Exogenous regucalcin may be a useful tool to potentiate antitumor effects on human liver cancer cells in combination with gemcitabine.
Notably, culture with exogenous regucalcin was demonstrated to suppress colony formation of HepG2 cells in vitro. This effect may be based on exogenous regucalcin-induced suppression of the proliferation of HepG2 cells. Thus, exogenous regucalcin plays a suppressive role on the growth of human liver cancer cells. We used human hepatoblastoma liver cancer HepG2 cells in the present study. However, this is unlikely to affect our conclusions that exogenous regucalcin demonstrated suppressive effects on the colony formation and proliferation of liver cancer cells. In addition, it is possible that exogenous regucalcin demonstrated a suppressive effect on hepatocellular carcinoma and hepatoblastoma. However, this remains to be elucidated by using human hepatocellular carcinoma tumor cells.
Our previous studies demonstrated that exogenous regucalcin demonstrated suppressive effects on the proliferation of human pancreatic cancer MiaPaCa-2 cells (42) and MDA-MB-231 human breast cancer cells (43) in vitro. Furthermore, the present study revealed that exogenous regucalcin inhibited the growth of human liver cancer cells in vitro. Thus, exogenous regucalcin, which is produced in the tissues, may suppress the growth in various types of human cancer cells. Exogenous regucalcin has been suggested to contribute as a suppressor in the development of carcinogenesis, thus proposing a therapeutic strategy with regucalcin gene therapy. 
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